Abstract -This paper describes the design and development of a heuristic fuzzy logic controller for the path tracking control off wheeled mobile robots (WMRs). The WMRs are applied in Micro Robot Soccer Tournament (MiroSot)l. The designed fuzzy controller will be compared with a fine-tuned P-controller and a published sliding mode controller. Experimental results show an improvement of the overall performance.
I. INTRODUCTION The basic configuration of MiroSot ( Fig. 1 ) comprises a football stadium (ground plane) with two teams [l-21. Each team has 3 wheeled mobile robots (WMRs) as shown in Fig.  2 which are the robots we are using in this paper, a camera for image capture, a host computer and an F W data transmitter. The camera for each team captures the stadium images that are sent to and processed by the host computer. The host computer extracts the locations of the robots and the ball. Based on this information and the soccer game strategy, the host computer decides the actions of the robots. The objective of the home team is to gain scores by sending the ball to the opponent goal as many times as possible and prevent the opponent team from gaining scores. In order to guide a home robot to reach a destination, a path will be generated by the game strategy for the home robot to follow. This task is defined as a path-tracking problem. For each robot, the host computer will generate the corresponding control signals applying to the wheel at each side in order to ensure a good path tracking capability of the WMRs. The robot will have both linear and angular displacements until it arrives at the target position.
On tackling the path-tracking problem, the following difficulties are met. First, owing to the nonlinear dynamics and nonholonomic characteristics of the WMRs, the controller design will be a difficult problem because we do not have a systematic and simple controller design methodology for nonlinear systems. Traditionally, we may derive a mathematical plant model from which a suitable controller is designed. However, the model of the WMRs used in MiroSot is quite complicated. The WMR dynamic equations are obtained by the well-known Lagrange's equations [3, 61, which can be expressed as, where M(q) represents the 3x3 inertia matrix (which is symmetric), Vm(q,q)q represents the 3x1 vector of centrifugal and Coriolis torques, G(q) represents the gravity torques, A(q) is given by the nonholonomic constraints, h is a Lagrange multiplier associated with the constraints, and B(q) is a 3x2 matrix. When the WMR used in MiroSot is considered, we have: and y, are the x and y coordinates of the WMR in the stadium respectively, 0 is the heading angle of the WMR, Z is the moment of inertia of the WMR about its center (which is difficult to obtain), m is the mass of the robot, z , and q are torque control inputs generated by the right and left motors respectively, R and r are the distance between the two wheels and the radius of the wheel respectively. Substituting the above variables into equation (2) and simplifing the equation, we have
The plant model of (3) is often used as the basis for designing a position controller of the WMR. The objective is to drive the robot, of output cordinates x, and y,, to a desired position (position control) following a desired path (path tracking) in the stadium by feeding an appropriate torque (input of the system), 2, to the robot. Unfortunately, the model of (3) may not be too useful because of the parameter uncertainties in practical robots. This makes the 0-7803-7 108-9/01/$10.00 (C)200 1 IEEE design of the controller difficult to realize. Even if a nonlinear controller can be designed based on the mathematical model, the controller may be complicated for the implementation in software. This will increase the comDutationa1 demand on the host commter. The fact that three robots are to be controlled will f u h e r complicate the problem. Moreover, controlling the robots is just one of the tasks performed by the host computer (other tasks include decision making, game strategy realization, path planning, etc.). On the other hand, the position and heading angle of the robot, which are the reference inputs of the controller, are obtained from the captured image only. Fig. 3 shows a functional block diagram of the closed-loop control system. The WMR has no embedded position sensor and its RF receiver only listens to commands from the host computer. The position information is obtained by recognizing the color mark on top of each WMR. In view of the low resolution of the camera (320 x 240 pixels), the readings of the robots' positions and heading angles are subject to tolerances. In practice, for a stationary WMR, the tolerance of position is about 3 pixels, while that of the heading angle can be as big as more than 20 degrees. Errors of input signals are therefore inevitable. The situation will be further worsened if the designed controller requires measured linear and angular velocities as inputs. It is because the velocity is just estimated by dividing the number of pixels by time in practice, which is inherently inaccurate when the pixel reading itself has errors. Some researchers proposed the use of sliding mode control for the WMR [6]. Although this controller can provide a fast response, the structure of the sliding controller is quite complex and a chattering in the contro-l signals is present. Moreover, the derivation of the controller in [7] is subject to the following assumptions: 1) The system states used for the controller can be measured exactly.
2) The heading angle of the robot and the angle coordinate will not differ by 90".
In view of the difficulties mentioned above, a fuzzy logic controller (FLC) is proposed. This FLC is designed based on a simple P-controller that is able to control the robot practically. The P-control law is given by, translational motion only. On the other hand, when de = 0 , we have v, = k,6, and v, = -k,B, , which results in a rotational motion only. The advantages of this P-controller includes: 1) The control law is simple.
2) The effect of the controller input error tolerance is reduced as only two instead of four system states are used, and 3) The plant model is not needed to be known. However, the values of k, and k, have to be determined based on trial-and-error. They may not be optimal ones but are obtained merely as a trade off between speed and stability.
To improve the performance, a fuzzy logic controller (FLC) [4-51 is proposed. It incroprates expert knowledge into the controller design process using some linguistic rules. Such an FLC is a nonlinear controller that retains the advantages of the P-controller but with an adaptive gain for each state variable so that a quick response can be achieved. Since the velocity and acceleration are not used as inputs, error accumulation is not a problem.
HEURISTIC FUZZY LOGIC CONTROLLER FOR WMRS
A fuzzy controller having the following 4 rules, which are designed based on human knowledge, is proposed to control the WMR. 
The max(.) and min(.) functions in (6) are to restrict the value of m,,(d,) to lie between 0 and 1 even when the value of de is larger than 80. As the maximum value of lOeI is 180", the value of m,,(B,) will lie between 0 and 1, and the max() and min(.) functions are not necessary. The grades of memberships, wI to w4 of rule 1 to rule 4 respectively, are defined as follows,
The output of the FLC is given by, iv, f: w,
-r=l ,=I (14) shows that the controller has adaptive gains with respect to different operating conditions.
EXPERIMENTAL RESULTS
The fuzzy controller is realized in a program written in Visual C t t version 1.52, and executed in a Pentium I1 45OMHz computer. The dimension of each robot is 7.5cm x 7.5cm x 7.5cm. It has two driving wheels on two sides and two omnidirectional passive wheels (rolling ball) at the bottom. The CCD camera has a resolution 320 x 240 pixels, and a capturing rate of 30 frames per second. Hence, the sampling period for the robot to get the position and heading angle information is 33ms. The parameters of the W M R used in this example are as follows: m = 0.45kg, r = 0.02m, R = 0.07m. Because the proposed FLC is designed based on a model-free approach., the value of I is not necessary to be known. The maximum linear velocity of the WMR is 1.48ds. The maximum torque is 2.1N-m. The experiment has two parts. The first part is on position control, and we compare a fine-tuned 1'-controller of (4) with the posposed fuzzy controller of (14) in controlling the same WIvfR. The performance of the proposed FLC with that of a published sliding mode controller [7] , which controlled a robot of the same specification.
The trajectories of the WMR are captured. Fig. 5a and Fig. 5b show the actual images of the Wh4R under the control of the P-controller and the FLC respectively. The initial position of the WMR is (40, 40), and we move it to the target position (x,, y,) = (260, 200) as indicated by the white mark in the figures. The trajectories are plotted as shown in Fig. 6 . The solid line corresponds to the fuzzy logic controlled WMR, while the dotted line is from the P-controlled WMR. The data are extracted from the image frames and plotted using Matlab. The action time of the fuzzy-controlled WMR from sending commands to arriving at the desired point is about 2 seconds. It is two times faster than the P-controlled WMR.
To test the path-tracking control, we use the reference paths stated in [7] , which employed a sliding mode controller to realize the path tracking. Firstly, we test the tracking performance: for a straight reference path at an angle of about 45". The initial position of the WMR is (1 83, 3 1) and the initial reference point is (30,6). The reference path is a straight line from this initial reference point to the second part is the path-tracking control, and we compare the 0-7803-7 108-9/01/$10.00 1(C)2001 IEEE 576 destination point of (230, 205) . Fig. 7a shows the image of the trajectory. Fig.7b shows the plot of the reference (dotted line) and the actual (solid line) trajectories. Fig. 7c and Fig.   7d show the trajectory errors of the WMRs x-coordinate and y-coordinate with respect to time respectively. It can be seen that the tracking time is about 3 sec, while the published controller's tracking time is about 8 sec.
Next, we implement the path tracking for a curved trajectory. The initial position of the WMR is (39, 89) and the initial reference point is (30, 26) This equation is derived from a curve fitting function based on the data published in [7] . Fig. 8a shows the image of the trajectory. Fig.8b shows the plot of the reference (dotted line) and the actual (solid line) trajectories. Fig. 8c and Fig.  8d show the trajectory errors of the WMR's x-coordinate and y-coordinate with respect to time respectively. The tracking time is about 3 sec, while the published controller's tracking time is about 10 sec. It can been from the results of the trajectory errors that steady state errors are present. It is because no integral action is taken in the proposed FLC for simplicity of its structure and low computational demand. Still, expermentional results show that these steady-state errors are acceptable for the robot soccer game.
IV. CONCLUSION
A fuzzy logic controller has been proposed to control the WMRs in a robot soccer game. A heuristic fuzzy logic controller has been designed based on a model-free approach, and verified that it is able to control the WMRs. Hardware experimental results have been presented. The performances of a fine-tuned P-controller have been compared with that of the proposed fuzzy logic controller.
The response time of the fuzzy logic controlled WMR is 2 times faster. Good performance of tracking control was also obtained from the proposed controller as compared with that offered by a published sliding mode controller. 
